The aims of this study were to investigate the influence of serotonin (5-HT) on the effects of intra-articular injections of glucocorticoid on pain of the temporomandibular joint (TMJ) in patients with inflammatory disorders of the TMJ. The pretreatment synovial fluid 5-HT was negatively, and plasma 5-HT positively, correlated to change in TMJ pain after treatment. The pretreatment plasma 5-HT was positively correlated to change in pressure-pain threshold after treatment. In conclusion, this study shows that local and systemic serotonergic mechanisms partly determine the effect of intra-articular glucocorticoid treatment on TMJ pain in patients with chronic TMJ arthritis of systemic nature, while change in pressure-pain threshold over the TMJ is influenced by systemic serotonergic mechanisms.
INTRODUCTION
Glucocorticoids administered locally or systemically suppress inflammation and pain in rheumatoid arthritis [1, 2] . Glucocorticoids pass through the cellular membrane and bind to glucocorticoid receptors in the cytoplasm. Activated receptors inhibit the expression of genes for proinflammatory cytokines, enzymes, receptors, and adhesion molecules, while increasing the expression of genes coding for antiinflammatory proteins like interleukin-10 and interleukin-1 receptor antagonist [2] . However, there is no report whether glucocorticoid inhibits release of serotonin (5-HT) from, for example, thrombocytes or mast cells or whether local or systemic serotonergic mechanisms influence the response to local glucocorticoid administration of peripheral joint pain.
Treatment with intra-articular glucocorticoid of the temporomandibular joint (TMJ) has proved efficient in pain, tenderness to digital palpation of the lateral aspect of the joint, and mobility 4-6 weeks after administration in patients with rheumatoid arthritis (RA; [1, 3] ). Another study reported that only resting pain relief remained after 5 weeks, while pressure-pain threshold and movement pain had returned to the pretreatment level [3] . Glucocorticoids might therefore exert diverse effects on different pain entities [4] such as resting pain, pain on joint moveCorrespondence and reprint requests to Lars Fredriksson, Department of Clinical Oral Physiology, Institute of Odontology, Karolinska Institute, Box 4064, 141 04 Huddinge, Sweden; lars.fredriksson@ofa.ki.se ment, tenderness to digital palpation, or pressure-pain threshold, perhaps due to a different molecular mechanism behind each pain entity.
Alstergren et al [5] showed that TMJ synovial fluid level of 5-HT is associated with pain intensity perceived on movement and to decreased mandibular mobility in patients with systemic inflammatory disorders. Voog et al [6] showed that intra-articular injection of the 5-HT 3 receptor antagonist granisetron in the TMJ reduces resting as well as movement pain intensity and increases pressure-pain threshold in patients with rheumatoid arthritis. These two studies indicate that peripheral serotonergic mechanisms are involved in the modulation of pain and hyperalgesia/allodynia in systemic inflammatory joint disorders. However, no study has reported the influence of 5-HT level in the TMJ or blood on the effect of local glucocorticoid treatment.
The aims of this study were therefore to investigate the influence of synovial fluid and blood levels of 5-HT on the effects by intra-articular injections of glucocorticoid on pain and allodynia of the TMJ in patients with chronic and systemic inflammatory disorders of the TMJ.
MATERIAL AND METHODS

Patients
One male and nineteen female patients with inflammatory TMJ disorders participated (Table 1) . Inclusion criteria were diagnosis of seropositive or seronegative RA (n = 3 and n = 5, respectively), ankylosing spondylitis (n = 3), osteoarthritis (n = 1), psoriatic arthropathy (n = 1), chronic unspecific polyarthritis (n = 2), systemic lupus erythematosus (n = 1), Sjögren's syndrome (n = 1), common variable immunodeficiency (n = 1), or Marfan's syndrome (n = 2). The diagnosis of RA was determined according to the criteria of American College of Rheumatology [7] . The diagnosis of TMJ inflammatory disorder due to polyarthritis was determined according to the diagnostic classification by the American Academy of Orofacial Pain [8] . An exclusion criterion was intra-articular glucocorticoid treatment of the TMJ within 3 months. All patients were referred to the clinic from rheumatologists or general medical practitioners. Eight patients used nonsteroidal antiinflammatory drugs (naproxen), 5 patients oral glucocorticoid (methylprednisolone), 7 patients disease-modifying antirheumatic drugs (sulfazalasine, methotrexate, infliximab), and 4 patients had no current (systemic) medical treatment. The study was approved by the local Ethical Committee at Karolinska University Hospital in Huddinge, Sweden (142/02 and 176/91).
Pain intensity ratings
The patients were asked about pain in nine joint regions besides the TMJ (neck, shoulders, elbows, hands, upper back, lower back, hips, knees, and feet; max score 9).
A 100 mm visual analog scale with end-points denoted "no pain" (0 mm) and "worst pain ever experienced" (100 mm) was used to assess the current TMJ pain intensity on each side at rest and on maximum voluntary mouth opening.
The number of mandibular movements that provoked pain in the TMJ (maximum mouth opening, laterotrusion to both sides, and protrusion) was counted for each side (score 0-4).
Tenderness to digital palpation of the lateral and posterior aspects of the TMJ on each side was assessed. On each side and aspect one unit was scored if the patient reported tenderness and two units if the palpation caused a pain reflex. The total score was also counted (score 0-4).
The pressure-pain threshold was recorded over the palpable lateral pole of the TMJ condyle with the patient's mouth closed and over glabella. The pressure-pain threshold was defined as the minimum pressure needed to evoke a painful sensation recognizable by the subjects. The pressure-pain threshold was assessed by a hand-held electronic pressure algometer (Somedic Production AB, Sollentuna, Sweden) consisting of a pressure transducer probe connected to a pistol grip with a display unit. The tip of the pressure transducer has a flat, circular rubber tip with an area of 1.0 cm 2 . A linearly increasing pressure rate (50 kPa/s) was applied until the subject responded to the first pain sensation by pressing a button on a device connected to the probe that froze the current pressure-pain threshold level on the display.
Synovial fluid sampling from the temporomandibular joint
TMJ anesthesia was achieved by blocking the auriculotemporal nerve with 2.0 mL 2% lidocaine (Xylocain, Astra-Zeneca, Södertälje, Sweden). The TMJ was punctured with a standard disposable needle (diameter = 0.65 mm) inserted into the posterior part of the upper joint compartment. TMJ synovial fluid samples were obtained by washing the joint cavity with saline using a push and pull technique [9] . The washing solution, consisting of 78% saline (NaCl 9 mg/mL, Pharmacia Upjohn, Uppsala, Sweden) and 22% hydroxocobalamin (Behepan 1 mg/mL; Pharmacia Upjohn), was slowly injected into the posterior part of the upper joint cavity with approximately 1 mL at a time and then aspirated. The total volume of the washing solution injected was 4 mL. The hydroxocobalamin was included in order to determine the volume of synovial fluid recovered in the aspirate by comparing the spectrophotometric absorbance of the aspirate with that of the washing solution. The synovial fluid level was then calculated. Only samples that fulfilled previously established sample quality criteria were included in the statistical analysis [10] .
Blood sampling
Venous blood was collected in a sodium citrate tube (0.105 mol/L) to determine the erythrocyte sedimentation rate and in an EDTA tube that was immediately cooled and centrifuged (1500g for 30 minutes at +4
• C) and then frozen (−70
• C), and later examined for 5-HT in plasma. In addition, venous blood was collected without additives for analysis of serum concentrations of 5-HT, thrombocyte particle count, and C-reactive protein. These tubes were left at room temperature for 60 minutes for coagulation and thereafter centrifuged (1500g for 10 minutes at +4
• C). The serum was then removed and frozen (−70
• C) until analysis. Time from freezing to analysis varied between 1 and 6 months for the blood samples.
Drug
The acetate ester of methylprednisolone (40 mg/mL) with lidocaine hydrochloride (10 mg/mL) added (DepoMedrol cum lidocaine; Pfizer AB, Täby, Sweden) was injected in a volume of 0.7 mL into the upper joint compartment.
Treatment and examination schedule
The patients were examined before and after treatment. The median (IQR) interval between the first and second examinations of 38 (52) days. At the first examination, glucocorticoid was injected into the TMJ after the synovial fluid sampling and at the second examination only synovial fluid sampling was performed.
Analysis of serotonin
Serum and plasma 5-HT levels were analyzed by a commercially available EIA-kit (Immunotech A Coulter Company, Marseille, France) with a detection limit of 0.5 nmol/L. The intra-assay coefficient of variation for this assay is less than 9.4 and the interassay less than 9.9% according to the manufacturer.
The concentration of synovial fluid levels of 5-HT was analyzed by using the same kit but it was modified to be applicable at concentrations between 1.6 and 5000 nmol/L. To compensate for hydroxocobalamin interactions with the assays, the synovial fluid aspirates were read against a standard curve with hydroxocobalamin included [9, 10] . The small hydroxocobalamin interaction was completely compensated for by this procedure.
Statistical analysis
Synovial fluid samples from both occasions were available from one TMJ on each patient and the clinical and synovial fluid data from this side were used in the analysis. The central tendency and the variation of the variables are presented as median and interquartile range (IQR; 75th-25th percentile). The significances of the differences between the variables before and after treatment were calculated by the Wilcoxon test. Spearman's ranked correlation test was used to calculate the significance of the correlations between the variables. A probability level below .05 was considered as significant. Table 2 shows the pretreatment and follow-up values of the clinical variables and synovial fluid levels of 5-HT. Erythrocyte sedimentation rate (normal: < 28 mm), Creactive protein (normal: < 10 mg/L), and thrombocyte particle concentration (normal: 150-400 10 9 /L) were abnormal in 0%, 20%, and 14% of the patients.
RESULTS
Changes after glucocorticoid treatment in relation to pretreatment serotonin levels
Serotonin was detectable in the synovial fluid from 11 patients before treatment and in 12 after. The pretreatment synovial fluid level of 5-HT was negatively correlated to the change in TMJ pain intensity at rest, which decreased significantly (P = .028), and TMJ pain intensity on maximum mouth opening after treatment, that is, a high pretreatment level of 5-HT was associated with a decrease of TMJ pain intensity at rest (r s = −0.52, n = 20, P = .018; Figure 1a ) and on maximum mouth opening (r s = −0.57, n = 13, P = .041; Figure 1b) . The pretreatment synovial fluid level of 5-HT was also negatively correlated to the change in synovial fluid 5-HT (r s = −0.55, n = 20, P = .012), which means that high pretreatment 5-HT was associated with decrease of 5-HT after treatment.
The pretreatment plasma level of 5-HT was above the normal limit (15 nmol/L) in 9 out of 10 patients before treatment and in 3 out of 6 after treatment and it was correlated to the level of C-reactive protein (r s = 0.66, n = 10, P = .038). The pretreatment plasma level of 5-HT correlated to change in TMJ pain intensity at rest (r s = 0.66, P = .040, n = 10; Figure 2a ) and pressure-pain threshold after treatment (r s = 0.83, n = 10, P = .003; Figure 2b ), that is, a high pretreatment level of 5-HT was associated with an increase of resting pain and pressurepain threshold of the TMJ. The pretreatment thrombocyte count was likewise positively correlated to change in pressure-pain threshold (r s = 0.59, n = 14, P = .024).
Relation between changes after glucocorticoid treatment
The change in serum level of 5-HT was correlated to the change in number of painful mandibular movements (r s = 0.77, n = 9, P = .014).
The change in TMJ resting pain was positively correlated to change in pain intensity on maximum mouth opening (r s = 0.74, n = 13, P = .004). The significant decrease (P = .028) in lateral tenderness to palpation was negatively correlated to the change in pressure-pain threshold over the TMJ (r s = −0.50, n = 20, P = .026; Figure 3a) as well as over the glabella (r s = −0.63, n = 14, P = .016; Figure 3b) , that is, a decrease in TMJ tenderness was associated with an increase in pressure-pain threshold at both sites.
Pretreatment relations
The synovial fluid level of 5-HT was significantly correlated to neither plasma (r s = −0.14, n = 10, P = .680) nor serum level of 5-HT (r s = −0.37, n = 14, P = .190). The serum level of 5-HT was positively correlated to the plasma level of 5-HT (r s = 0.93, n = 9, P < .001).
The serum level of 5-HT was positively correlated to C-reactive protein (r s = 0.67, n = 13, P = .012), while plasma level of 5-HT was positively correlated to Creactive protein and thrombocyte particle concentration (r s = 0.66, n = 13, P = .038, and r s = 0.68, n = 9, 
010).
The thrombocyte count was correlated to plasma level of 5-HT (r s = 0.68, n = 9, P = .044).
Tenderness to lateral palpation was negatively correlated to pressure-pain threshold of the TMJ (r s = −0.68, n = 20, P < .001) as well as over the glabella (r s = −0.81, n = 14, P < .001). Pressure-pain threshold of the TMJ was correlated to pressure-pain threshold of the over the glabella (r s = 0.79, n = 14, P < .001).
DISCUSSION
This study shows that the changes in TMJ pain after intra-articular treatment with glucocorticoid are partly determined by pretreatment 5-HT in TMJ synovial fluid and plasma in chronic arthritids of systemic nature, that is, these diseases seem to include local as well as systemic serotonergic mechanisms. It also shows that the changes in pressure-pain threshold over the TMJ are influenced by pretreatment systemic 5-HT.
Patients with detectable pretreatment levels of synovial fluid 5-HT experienced a larger decrease of TMJ pain intensity at rest than those without, and likewise, more relief from TMJ pain on movement. This is supported by Alstergren et al [5] who found that a high synovial fluid level of 5-HT was associated with pain on mandibular movements. Patients with low plasma 5-HT levels had a larger decrease in TMJ resting pain than those with high levels and those with reduced serum levels of 5-HT after treatment had decreased number of painful mandibular movements. Plasma and serum levels of 5-HT were in turn correlated with C-reactive protein before treatment, which indicates that both are associated with the systemic inflammatory activity. In a previous study, high serum level of 5-HT has been associated with painful mandibular movements as well as pain on maximum mouth opening [11] . The findings in this study thus indicate a local as well as systemic influence of 5-HT on the changes in TMJ pain induced by local glucocorticoid treatment. However, the influence of local and systemic 5-HT has opposite directions, that is, detectable synovial fluid 5-HT is associated with pain relief, while high plasma levels of 5-HT are associated with less reduction of pain.
TMJ resting pain decreased significantly in this patient sample after intra-articular injection of glucocorticoid, which has been demonstrated in several other studies [1, 12, 3] . This effect seems to be influenced by free 5-HT in two compartments, that is, synovial fluid and blood. It can be hypothesized that 5-HT in both compartments may independently result in sensitization or activation of nociceptive afferents [13] or act more indirectly by activating other cells like T lymphocytes or monocytes/macrophages [14, 15] , which in turn release algogenic mediators like TNF-α or IL-1β. Serotonin may also modulate or amplify neurogenic inflammation in chronic pain conditions by the 5-HT 3 receptor, which results in local release of, for example, substance P [14, 16] . Intravenous treatment with the 5-HT 3 receptor antagonist tropisetron reduced the serum substance P levels in fibromyalgia patients who responded to pain Table 2 . General and local (temporomandibular joint; TMJ) disease activity before and 5 weeks after intra-articular administration of glucocorticosteroid in 20 patients with chronic inflammatory joint disease. Pain intensity was assessed with a 100 mm visual analog scale (VAS), the number of mandibular movements that provoked pain in the TMJ (maximum mouth opening, laterotrusion to both sides and protrusion) was counted for each side, tenderness to digital palpation of the lateral and posterior aspects of the TMJ on each side was recorded as one unit if the patient reported tenderness and two units if the palpation caused a pain reflex, and the pressure-pain threshold was recorded over the palpable lateral pole of the TMJ condyle and over glabella; IQR = 25th-75th percentile, n denotes number of patients, % > 0 denotes observations percent exceeding 0, and na denotes not applicable.
Clinical variables
Pretreatment Follow-up Median IQR n % > 0 Median IQR n % > 0 P relief, which indicates that systemic serotonergic mechanisms interact with peripheral neurogenic inflammatory activity [17] . Both peripheral and central 5-HT 3 receptors are pronociceptive and the peripheral 5-HT 3 receptor involves specific primary afferent nociceptors [13] . In addition to the 5-HT 3 receptor serotonin may act via other peripheral pain-related receptors in inflammatory conditions. In experimental adjuvant-induced inflammation of the hind paw of the rat, increased 5-HT 2A receptor mRNA was expressed in calcitonin gene-related peptide-synthesizing dorsal root ganglion neurons [18] . Systemic administration of 5-HT 2A receptor antagonist then produced analgesic effects on thermal hyperalgesia caused by the peripheral inflammation.
The source of synovial fluid 5-HT can be assumed to be thrombocytes or mast cells that accumulate and activate in the arthritic synovial membrane or fluid [19, 20] . The level of free 5-HT in plasma is determined by the equilibrium between free 5-HT and 5-HT stored in circulating thrombocytes as indicated by the relation between thrombocyte particle count and 5-HT in plasma in this study and serum in a previous study [11] . The thrombocytes become activated by systemic inflammation, as indicated by their relation to both C-reactive protein and plasma 5-HT, which increases the level of free 5-HT. The mode of action of glucocorticoid with regard to 5-HT cannot be determined by the data in this study, but glucocorticoid injected into the joint may inhibit release of 5-HT from thrombocytes or mast cells in the synovial membrane. This would result in a decrease of 5-HT in the synovial fluid after treatment, which was not found in this study. Another more likely explanation according to the present results is that the 5-HT is an intermediate mediator and bind to receptors on cells such as T lymphocytes or monocytes/macrophages, which in turn are activated to release inflammatory mediators with algogenic properties. These cells have intracellular glucocorticoid receptors to which glucocorticoids bind and activate to inhibit the expression of genes for, for example, proinflammatory algogenic cytokines [2] . These latter explanations are in agreement not only with the finding that TMJ pain is more reduced if detectable levels of 5-HT are present in the synovial fluid before treatment, but also with the finding that the synovial fluid level per se is not changed by the treatment. The lack of correlation between synovial fluid and plasma 5-HT levels further indicates that the effects of 5-HT in the synovial fluid and unbound 5-HT in the blood, which both may be Figure 3 . Relation between change in temporomandibular joint (TMJ) tenderness to lateral digital palpation and change in (a) TMJ and (b) glabella pressure-pain thresholds after intra-articular glucocorticoid treatment in patients with chronic inflammatory joint disease. (a) Ten patients had a decrease and 10 had no change or an increase of TMJ tenderness to lateral digital palpation. There was a negative correlation between change in TMJ tenderness to lateral digital palpation and change in TMJ pressure-pain threshold after treatment (r s = −0.50, n = 20, P = .026). (b) Five patients had a decrease and 9 had no change or an increase of TMJ tenderness to lateral digital palpation. There was a negative correlation between change in TMJ tenderness to lateral digital palpation and change in glabella pressure-pain threshold after treatment (r s = −0.63, n = 14, P = .016).
derived from, for example, activated thrombocytes, are independent. The pain-relieving effect of intra-articular glucocorticoid in the TMJ seems to be reduced if high unbound levels of 5-HT derived from the circulation are available in the synovial tissues, which occurs when the systemic inflammatory activity is high. In this condition, the number of inflammatory cells that can be activated by 5-HT will increase and the injected glucocorticoid may not suffice to block their activity and to provide pain relief for 5 weeks. The higher systemic inflammatory activity, the more important this mechanism will be since 5-HT in plasma is correlated to C-reactive protein. The best prognosis for pain relief by intra-articular glucocorticoid administration, according to this study, can therefore be expected for patients with a combination of high level of 5-HT in synovial fluid and low level in plasma, that is, high local inflammatory activity but low systemic activity. The changes in pressure-pain threshold of the TMJ seem to be influenced by 5-HT in plasma since a high pretreatment level was associated with increase of the threshold and low level with decrease. The blood level and not the synovial fluid level of 5-HT therefore seems to be a putative predictor for the effect of intra-articular glucocorticoid treatment on pressure-pain threshold over the TMJ. High level of 5-HT in plasma and high systemic inflammatory activity may hence predict increase of pressurepain threshold and reduced relief of TMJ resting pain as a likely outcome of intra-articular glucocorticoid treatment. These contrasting results indicate different pain mechanisms behind TMJ resting pain and pressure-pain threshold over the TMJ. The relation between changes in pressure-pain threshold over the TMJ and lateral tenderness to digital palpation of the TMJ indicates that lateral tenderness has a partly different mechanism than TMJ resting pain, which is further illustrated by the relation between lateral tenderness of the TMJ and pressure-pain threshold over glabella.
A systemic effect by the intra-articular glucocorticoid treatment cannot be excluded but is probably weak since neither pain in general, pressure-pain threshold of the glabella, erythrocyte sedimentation rate, nor C-reactive protein was significantly changed after treatment.
In conclusion, this study shows that local and systemic serotonergic mechanisms partly determine the effect of intra-articular glucocorticoid treatment on TMJ pain in patients with chronic TMJ arthritis of systemic nature, while change in pressure-pain threshold over the TMJ is influenced by systemic serotonergic mechanisms as part of the systemic inflammatory condition.
